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Cell-levelPurpose: Absorbed radiation dose-response relationships are not clear in molecular radiotherapy (MRT).
Here, we propose a voxel-based dose calculation system for multicellular dosimetry in MRT. We applied
confocal microscope images of a spherical cell aggregate i.e. a spheroid, to examine the computation of
dose distribution within a tissue from the distribution of radiopharmaceuticals.
Methods: A confocal microscope Z-stack of a human hepatocellular carcinoma HepG2 spheroid was seg-
mented using a support-vector machine algorithm and a watershed function. Heterogeneity in activity
uptake was simulated by selecting a varying amount of the cell nuclei to contain 111In, 125I, or 177Lu.
Absorbed dose simulations were carried out using vxlPen, a software application based on the Monte
Carlo code PENELOPE.
Results: We developed a schema for radiopharmaceutical dosimetry. The schema utilizes a partially
supervised segmentation method for cell-level image data together with a novel main program for
voxel-based radiation dose simulations. We observed that for 177Lu, radiation cross-fire enabled full dose
coverage even if the radiopharmaceutical had accumulated to only 60% of the spheroid cells. This effect
was not found with 111In and 125I. Using these Auger/internal conversion electron emitters seemed to
guarantee that only the cells with a high enough activity uptake will accumulate a lethal amount of dose,
while neighboring cells are spared.
Conclusions: We computed absorbed radiation dose distributions in a 3D-cultured cell spheroid with a
novel multicellular dosimetric chain. Combined with pharmacological studies in different tissue models,
our cell-level dosimetric calculation method can clarify dose-response relationships for radiopharmaceu-
ticals used in MRT.
 2017 Associazione Italiana di Fisica Medica. Published by Elsevier Ltd. All rights reserved.1. Introduction
Molecular radiotherapy (MRT) makes use of different cell mech-
anisms (e.g. receptor binding) to deliver lethal radiation doses
selectively to malignant cells. Despite the large number of treated
patients and successful clinical trials over the past decades, consid-
erable uncertainties still remain regarding the optimization of MRT
[1,2]. The dosimetry of MRT is still developing, and the key issue to
establish is how the administered activity, the absorbed radiation
dose distribution, and the clinical response and side effects relateto each other, and how this knowledge can be used to plan more
individualized treatments.
For internally administered radionuclides, absorbed radiation
dose calculations have long based on scintigraphy studies com-
bined with the medical internal radiation dose (MIRD) formalism
on a macroscopic level [3,4]. Applying the MIRD formalism on a
microscopic level has also been studied [5]. The cell-scale morphol-
ogy of tumors (cell dimensions and tissue packing) shows variation
both between patients and within a patient. Relatively long irradi-
ation ranges can balance effects of small-scale non-uniformities in
the activity distribution. However, for short-range radiation, the
absorbed radiation dose distribution can contain steep gradients
in accordance with the non-homogeneous distribution of the
radiopharmaceutical between cell surfaces, cytoplasm, and nuclei
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receptor radionuclide therapy (PRRT), it has been shown that using
a different chelator, peptide and/or radionuclide can affect strongly
the cellular binding affinities of the radiopharmaceutical. This in
turn results in differing uptake and dose distribution in the malig-
nant and normal tissues.
Studying internal dosimetry at biologically relevant scales
appears to be essential for the development of MRT [6]. Therefore,
utilizing in vivo mimicking tumor cell cultures is valuable. In vitro
three-dimensionally (3D-)cultured tumor cell aggregates, also
known as spheroids, resemble their in vivo counterparts more clo-
sely than conventional two-dimensional (2D) cell culture systems;
the cells cultured in 3D retain their natural architecture and func-
tionality better than those cultured in 2D. Various culturing tech-
niques have been exploited to create 3D tumor models to study
tumor biology, pathogenesis as well as the effect of anti-cancer
compounds [7], including radiopharmaceuticals used in MRT [8,9].
3D cell cluster computational models have frequently been
based on simple geometries like nested spheres, cylinders, and
cubes mimicking cells and nuclei [5,10]. However, the computa-
tional capacity and imaging methods that are accessible today
enable more sophisticated cell-level dosimetric modeling. A 3D-
cultured tumor can provide detailed morphological data as a start-
ing point for the MRT dosimetric chain. The cellular structures such
as the nucleus, cytoskeleton, and plasma membrane can be visual-
ized using fluorescent labels and confocal microscopy. Further-
more, the cell-level distribution of radiopharmaceuticals can be
studied by labeling [11].
To perform dose calculations, the imaging data needs to be seg-
mented. Manual cell tracking is labor-intensive and subjective, and
therefore automated segmentation algorithms are needed. Inten-
sity thresholding is frequently used in the segmentation of micro-
scopy images [12]; however, thresholding cannot be applied to
multichannel data and cells (or other structures) that touch each
other and are inseparable. Watershed methods [13] are often used
to segment touching objects, but they tend to lead to oversegmen-
tation. To overcome these problems, new ways to classify and reg-
ularize image data for segmentation algorithms are needed. A
support-vector machine (SVM) [14] can be efficiently taught to
classify structures from 3D confocal microscope data by giving it
a set of training voxels and their classification. In this study, we uti-
lized such an SVM classifier and morphological preprocessing to
avoid oversegmentation in combination with a watershed trans-Fig. 1. Multicellular dosimetric chain: a confocal microscope image of a cell spheroid wa
stained cell nuclei are shown in cyan in a confocal microscope image slice. The 20 inner
image slice in the middle), and the resulting absorbed radiation dose distributions are sform to create a segmentation process which has potential to be
fully automated with more datasets.
Here, we present a new multicellular dosimetric chain (see the
schematic Fig. 1) that combines confocal microscope imaging data
of a 3D-cultured tumor cell spheroid, an automated segmentation
algorithm, and Monte Carlo (MC) dosimetric calculations to assess
the absorbed radiation dose distribution down to the cell-scale
(micrometer scale). To exemplify, we simulate the behavior of
activity vs. dose distributions in the case of the Auger electron
and internal conversion (IC) electron emitters 125I and 111In, and
the low-energy b electron emitter 177Lu, all of which have very dis-
tinct spectra of the emitted electron and photon radiation [15]. 125I
is a radionuclide that has been studied widely regarding multicel-
lular dosimetry [9] and it can be considered as a benchmark (‘‘a
model Auger emitter”) although its clinical applications for MRT
have been limited. On the other hand, 177Lu is actively used today
for MRT in PRRT, and also in e.g. 177Lu-PSMA therapy. Before 177Lu,
111In was used for PRRT, with less efficient results; a fact that
makes the comparison of these two radionuclides intriguing. Per-
forming dose calculations with MC methods can be time-
consuming, and more effective ways, such as utilizing dose point
kernels (DPKs), have often been preferred. To corroborate our MC
dosimetric calculations, we also produced DPKs and compared
them to published results.2. Materials and methods
2.1. Tumor spheroid culture and imaging
Human hepatocellular carcinoma HepG2 (HB-8065, ATCC) cells
[16] were maintained in 75 cm2 culture flasks in DMEM (31966-
021, Gibco) supplemented with 10% fetal bovine serum, 100 IU/
ml penicillin, and 100 mg/ml streptomycin. During the mainte-
nance the cells were subcultured twice a week in a ratio of 1:5.
The cells were transferred to 3D culture environments by
embedding them in GrowDex, a nanofibrillar cellulose hydrogel,
as previously described by us [17,18]. Cultures were formed in
an 8-well Chamber Slide system (177445, Nunc). Thereafter, the
cells were detached with 0.25% trypsin-EDTA (25200-072, Gibco)
and the cell suspension was mixed with the hydrogel and culture
medium to obtain a 1.0–1.2 wt% hydrogel concentration and a cell
density of 0.8  106 cells/ml. Lastly, a culture medium was addeds segmented and used as a basis for dosimetric calculations. On the left, the Hoechst
most cell nuclei were filled with a uniform activity (shown in red in the segmented
hown on the right (the colour scale in the images is schematic).
Fig. 2. Human hepatocellular carcinoma HepG2 cells cultured in nanofibrillar cellulose hydrogel. (A) The cells formed spherical multicellular aggregates, spheroids. (B) A slice
and gallery displays of (C) fluorescence labelled nuclei (cyan) and (D) filamentous actin (red) of a HepG2 spheroid (the depth coordinate of each slice is given in parentheses).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in a humid atmosphere with 5% CO2.
After four days in the culture, HepG2 cells had formed 3D mul-
ticellular aggregates, spheroids. The spheroids were fixed with 3%
paraformaldehyde for 15 min followed by 15 min of cell mem-
brane permeation with 0.1% Triton-X-100 (T-8787, Sigma-
Aldrich). Cell cytoskeleton filaments, actin filaments (F-actin),
were stained with Alexa Fluor 594 Phalloidin (1:100 in 1xPBS,
A12381, Invitrogen), and the nuclei were stained with 1 mg/ml
Hoechst 33258 (bisbenzimide, Sigma-Aldrich) for 30 min. The sam-
ple was mounted with ProLong Gold antifade reagent (P36934,
Invitrogen) and analyzed with a confocal microscope (Leica TCS
SP5, HCX APO 63x/1,30 Corr glycerol objective) using a UV diode
405 nm/50 mW for Hoechst and a laser DPSS 561 nm/20 mW for
Alexa Fluor 594. To form the Z-stack, the whole depth of the spher-
oid was scanned with a 1 mm step size (Fig. 2).
2.2. Segmentation of cells from confocal microscope image
For creating our dosimetric chain, we developed a new partially
supervised segmentation method for 3D confocal microscope
images. The method consists of a) image data processing steps,
b) support-vector machine [14] based classification, and c)
watershed-based [13] delineation of structures. The segmentation
method was applied to segment the cell nuclei from the 3D confo-
cal microscope image of the HepG2 spheroid represented in Fig. 2
utilizing the filamentous actin and the nucleus channels.
The preprocessing of the confocal microscope images was car-
ried out for both the nucleus and the F-actin (cytoskeleton) stain-
ing channels in the following way: the image voxels were
resampled to be isotropic using linear interpolation (to the cubical
voxel size of 0.21 mm, which was the smallest imaging spacing),
and a Gaussian filter (convolution kernel 5  5  5, standard devi-
ation 0.65 voxels) was applied to decrease noise in the image.Next, an SVM classifier (Gaussian radial basis function kernel)
was trained to classify the image voxels to either ‘‘nucleus” or
‘‘non-nucleus” based on the intensity information from the stain-
ing channels by using the fitcsvm function from the Statistics and
Machine learning toolbox of Matlab (Mathworks Inc.; default
parameters were used, except that standardization of the predictor
was enabled). In this case, 210 (1024) random points from the man-
ual segmentation of the same image were used as the set of train-
ing voxels for SVM. In the resulting binary images, there were some
clearly misclassified voxels (e.g. a single ‘‘non-nucleus” voxel in the
middle of a group of ‘‘nucleus” voxels) and thus the classification
was morphologically processed by connectivity-based hole-filling
and edge smoothing by dilatation and erosion (5  5  5
neighborhood).
The next step was to perform a distance transform: each voxel
was assigned a number that was the Euclidean distance between
the voxel and the closest background voxel. Thereafter, the data
from the staining channels and a Sobel gradient estimation for
edge detection from the nucleus channel were combined with
the distance transform. To avoid oversegmentation, this combina-
tion is processed using morphological image reconstruction [13]
with a 6-connected neighborhood. This was translated by a water-
shed algorithm: the furthest points from the edges were recog-
nized as centers of cell nuclei, and the watershed algorithm
defined borderlines between them. This way, cell nuclei were iden-
tified and labeled.2.3. Dose calculation with the voxel geometry Monte Carlo dosimetry
code vxlPen
PENELOPE Monte Carlo code [19] (rev. 2011) was used for radi-
ation dose simulations in the spheroid geometry. The code simu-
lates coupled electron–photon transport in arbitrary materials
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with the energy threshold for particle absorption (Eabs) and the
maximum allowed track length between two consecutive interac-
tion events (smax). In this work, we simulated different activity
distributions of 111In, 125I, and 177Lu. We used the spectra from
the Brookhaven National Laboratory database, available on
www.doseinfo-radar.com [15]. The cut-off Eabs was set to 0.3 keV
for all primary and secondary particles (it is very unlikely that an
electron with energy <0.3 keV will ‘‘escape” the current voxel,
and thus it will be absorbed entirely within it) and smax was set
to 0.21 mm (the size of the voxel side). On the studied scale, the
deposited energy from the electrons for 111In, 125I, and 177Lu is at
least about a thousand times higher than from the photons
(cf. [20]), and thus the photon contribution was omitted.
In our previous work [21], we developed a new main program
vxlPen for voxel-level radiation dose simulations to support exten-
sive voxel dose tracking and voxel source geometries. Initially the
code was developed for using CT and SPECT images, but it can sim-
ilarly be applied to segmented cell image data and a given activity
distribution. From the given activity distribution, vxlPen formed a
corresponding probability distribution to generate particles
(radiation) according to the given decay spectrum. The interactions
of the particles with the medium were then modeled and tracked
by the code, and the resulting absorbed dose distribution was
saved in the voxel geometry. In this work, we used liquid water
as the medium throughout the simulations. vxlPen output dose
rate [mGy/MBq/s] and its standard deviation in the voxel coordi-
nates of the segmented 3D confocal microscope images.
To illustrate the differences between the three chosen radionu-
clides, their electron dose point kernels (DPK) were simulated
(Fig. 3). The shapes of the DPKs were as expected: the part of the
111In DPK arising from the decay electrons is narrower than the
corresponding part of 125I, whereas the 177Lu DPK extends much
further due to beta emission. The DPKs agree with earlier results
in the literature [20].
To demonstrate the voxel-based dosimetry calculation of our
multicellular dosimetric chain, we ran vxlPen for each of the
radionuclides 111In, 125I, and 177Lu so that a certain percentage,
namely 5%, 20%, 40%, 60% and 100%, of the HepG2 spheroid cell
nuclei segmented by the algorithm were filled with uniform activ-
ity and chosen at random (using a pseudo-random number gener-Fig. 3. Simulated electron dose point kernels of 177Lu, 111In, and 125I in water. The
value of the DPK at a certain distance gives the energy deposited into a spherical
shell at that distance. To compare with the literature, the total DPK of 125I in water
calculated using the GATE v6.1 Monte Carlo toolkit in Ref. [20] is presented (solid
black line). The tails of the 125I DPKs differ due to the photon contribution included
in the DPK of Papamitroulas et al.ator, once for each percentage). All the voxels outside the chosen
cell nuclei were left empty, regardless of whether they belonged
to the background or to the other cell nuclei: that is, either all
the voxels of a certain cell nucleus had the same activity or no
activity at all (like the background). Different levels of activity
uptake in the cells can be simulated by the code, and more com-
plex activity distributions could be studied in the future.
3. Results
3.1. Segmentation
Manual segmentation of the cell nuclei from the volumetric
confocal microscopy images of a chosen HepG2 spheroid (Fig. 4)
was performed for all slices using Slicer 4.5 [22]. 200 nuclei were
identified in this way. When using the segmentation algorithm
described in Section 2.2, 230 nuclei were found (+15%). Some of
the nuclei outlines appear to be quite irregular in the algorithm-
based segmentation.
For this work, we compared the resulting cell segmentation of
the HepG2 spheroid from a few different automated segmentation
methods against the manually segmented data using the Dice score
[23] and the SEG accuracy measure [24]. The Dice score, also called
the overlap index, measures the congruence of the segmentation
produced by different methods against the ground truth (which
in this case is the manual segmentation). However, the Dice score
does not measure whether cells that appear fused in the image
have been separated correctly. For this task, the SEG accuracy mea-
sure was used. The SEG accuracy measure, defined in Ref. [24], is
the mean of the Jaccard similarity indices (i.e. intersections over
unions) between the matching reference cells and the automati-
cally segmented cells. A reference cell and a segmented cell are
considered matching if their intersection is more than 50% of the
reference cell. For this work, we calculated two SEG measures.
Firstly, the manually delineated nuclei were defined as ‘‘the refer-
ence cells” and the nuclei segmented by the algorithm were ‘‘the
segmented cells”. Secondly, the nuclei segmented by the algorithm
were defined as ‘‘the reference cells” and the manually segmented
cells were ‘‘the segmented cells”. The final SEG measure was then
defined as the mean of these two SEG measures.
3.1.1. SVM vs. intensity threshold classification
The Dice score for Otsu’s thresholding [25] using only the
nucleus channel is 0.45. The SVM classification based on the
nucleus and F-acting staining channels produced a result of 0.83.
3.1.2. Modified watershed vs. basic watershed delineation
Using the SVM classification, the basic Watershed method,
based on the distance transform of the SVM classification, pro-
duced a SEG measure of 0.14. The method presented in this work
produced 0.59.Thus, expressed in a quantifiable manner, the segmentation
method studied in this work led to a result that is much closer to
the manual segmentation than using intensity threshold classifica-
tion and basic watershed delineation.
3.2. Dose distributions for different activity distributions
In Fig. 5A–C, normalized absorbed doses to the HepG2 spheroid
cell nuclei are shown cell by cell for the varying amount of cells
containing activity (5%, 20%, 40%, 60%, and 100% of the 230 nuclei
segmented by the algorithm). The figures show how 177Lu pro-
duces vastly more cross-fire irradiation than 111In and 125I. Accord-
ing to our simulation, the absorbed dose distribution in the case of
Fig. 4. Segmentation of a confocal microscope imaged HepG2 cell spheroid. (A) An image slice of the spheroid using nucleus stain channel. (B) Manual segmentation of the
borders of the nuclei. (C) The same slice as in (A), but showing cell skeleton stain (F-actin). (D) Result of the manual segmentation as a labelmap. (E) Result of the
segmentation algorithm showing the nuclei in white. (F) 3D visualization of the manual segmentation.
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activation. Interestingly, after 60% of random nuclei activation the
177Lu dose coverage over the spheroid does not significantly
decrease when compared to the case where all the nuclei are acti-
vated. The cross-fire dose of 111In and 125I is comparatively dimin-
ished so that it is possible that only the cells that exhibit sufficient
activity uptake can receive a lethal radiation dose, while the neigh-
boring cells are exposed only to a fraction of the dose and are
potentially spared from deterministic radiation damage. The
results support our hypotheses and could also be qualitatively con-
cluded already from the DPKs (see Fig. 2).
In Fig. 5A and C, there are three arbitrary dose thresholds
(dashed lines), i.e. 30%, 40% and 50% of the maximum dose. In
Fig. 6, the number of cells above the threshold is shown as a func-
tion of the nuclei with activity uptake. Let us hypothesize that this
dose threshold indicates a lethal cell dose: the cells that receive a
higher absorbed dose do not survive. Different tumor cells are
known to have different radiosensitivities (due to factors such as
proliferation rate, cell cycle, etc.), which could result in the exis-
tence of such varying values for the threshold. For 111In, only the
cells that were activated receive a dose that is above the chosen
thresholds, and thus the plot in Fig. 6 is linear and the same for
each of the threshold levels. For 177Lu the behavior of the function
is more complex and is dependent on the threshold value for
absorbed dose: if a lower absorbed dose is enough to kill a cell, a
more heterogeneous activity distribution can destroy a tumor
owing to the cross-fire effect. Based on these findings, it seems that
the Auger emitters 111In and 125I can destroy a tumor only when
there is enough activity accumulated in each individual cell that
needs to be killed. In contrast to this, the cross-fire effect of the
beta emitter 177Lu can counterbalance cell-level heterogeneity in
the activity distribution to an extent that could be further studied
by using our workflow in combination with radiobiological
experiments.
When interpreting Figs. 5 and 6, it needs to be recognized that
the graphs are normalized to the maximum dose achieved in each
set-up. This presentation omits the yield of emitted radiation perdecay. For instance, the amount of energy deposited per decay in
a 5-nm sphere is more than twice as high for 125I than for 111In
(as 125I is a more prolific emitter of Auger electrons with20 Auger
electrons per decay, whereas 111In produces 8 Auger electrons
per decay) [26], and thus more activity is needed to produce the
same local dose in the case of the latter radionuclide. The represen-
tation chosen here also does not bring out the temporal dimension,
including the effect of dose rate [27]. The half-lives of 111In and 125I
and 177Lu are significantly different from each other (2.80 d, 59.4 d
and 6.73 d, respectively).4. Discussion
The importance of cell-level dosimetric modeling to the design
of treatment plans for MRT has been understood for decades, but
implementing these models in pre-clinical studies and clinical
treatments has been rather slow, and tools to facilitate this are
needed. Malaroda et al. [28] created a software package for multi-
cellular dosimetry in voxel geometry, and applied it not only to a
spherical model, but also to a glioma spheroid (in 2D). An interest-
ing recent effort to create a user-friendly program, MIRDcell, for
more generalizable multicellular dosimetric analysis was made
by Vaziri et al. [5]. However, in MIRDcell the cell and cell nucleus
are modeled as concentric spheres and imaging data cannot be
fed into the program. The novelty in our multicellular dosimetric
workflow is to put all the pieces of the puzzle – imaging, image
processing and dose calculation – together to be applied effort-
lessly by the user. Many conclusions can be drawn from construct-
ing simpler geometric 3D models; however, the power of our
microscopy image-based approach is its direct and efficient appli-
cability to any cell sample. This new approach can be applied both
to pre-clinical radiopharmacological studies and to patient cell
samples for individualized dosimetry.
To exemplify the workflow, we applied a 3D-cultured tumor
cell aggregate, a spheroid, in absorbed radiation dose calculations




Fig. 5. (A–C) Dose distribution in the HepG2 spheroid in the case of (A) 111In, (B) 125I
and (C) 177Lu, when a certain percentage of the cell nuclei is filled with activity.
Doses to the cells are presented as normalized to the maximum dose reached and as
a function of sorted cell index (descending dose). The dashed blue horizontal lines
in (A) and (C) mark the levels of 30%, 40% and 50% of the maximum dose, see the
following Fig. 6.
Fig. 6. The cross-fire effect demonstrated with 177Lu vs. 111In cell distributions with
a given dose threshold for cell death. A certain percentage of the cell nuclei
(horizontal axis) in the spheroid is filled with an activity level that leads to doses
higher or equal to the given lethal dose threshold in some of the cells of the
spheroid (vertical axis). When the threshold value is increased, the curve for 177Lu
sinks as shown with black spheres (30% of maximum dose), white spheres (40% of
maximum dose), and black triangles (50% of maximum dose). In this range, there is
no noticeable change in the corresponding curves for 111In (red stars). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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are easier to use, and widely available. Numerous tumor cell lines
have been established and well-characterized, and also imple-mented in studying radiopharmaceuticals for MRT (see e. g.
[8,9]). In these studies, however, the activity has often been
assumed to distribute homogeneously in the cells, and there is
uncertainty of how to include the dose equivalent from radiophar-
maceuticals to assessed endpoints such as spheroid control proba-
bility (SCP, the dose-dependent proportion of non-regrown
spheroids after irradiation) and spheroid control dose 50% (SCD50,
the irradiation dose inducing 50% loss of spheroid regrowth). We
agree that spheroids can be utilized as efficient in vitro tools in
drug development to study internalization, efficiency and metabo-
lism of new radiopharmaceutical candidates, but in that case,
dosimetry needs to be carried out carefully to interpret the results
correctly.
Here, we demonstrated the importance of an appropriate scale
for dosimetric considerations: if the range of the radiation is
micrometers, the dosimetry also needs to be studied at that scale.
At worst, heterogeneity in the activity distribution might cause
MRT to fail, but as our examples show, there are many factors that
affect the result: in particular, we exemplified the effect of the
radionuclide (111In vs. 177Lu) and the degree of radiosensitivity of
the tumor cells (three different, hypothetical thresholds for lethal
cell dose) in the Hep2G spheroid geometry (Fig. 6). These results
demonstrate the complexity of the optimization of MRT and how
important it is to understand internal dosimetry. The effects of
the temporal behavior of the radioactivity (dose rate, uptake and
clearance) should also be studied. A pressing issue is to image
the activity distribution with the needed accuracy in order to com-
plete the workflow.
Both imaging and dosimetric methods are constantly gaining
resolution, and the study of radiobiology can be taken to the next
level accordingly. Automated segmentation algorithms are needed
to process larger amounts of data quickly, and we are further
improving our segmentation algorithm: the presented method is
free of parameters excluding the width of the Gaussian filter dur-
ing preprocessing and the definition of the structuring elements
used in the morphological processing steps. Additionally, the gen-
eralization capability of our approach (applying the SVM classifier
to other image datasets) should be validated. This way, the seg-
mentation step for 3D image data should be easy to apply for the
78 V. Reijonen et al. / Physica Medica 40 (2017) 72–78user in the future, in contrast to the manual segmentation process
that can take hours of work. For the dose calculations we used a
Monte Carlo method, which was time-consuming. More efficient
computational approaches need to be studied at the scales relevant
in MRT [29].
The established multicellular dosimetric chain can be further
developed into a user-friendly platform so that the dose distribu-
tion in tumor and healthy tissues can be systematically studied
in the case of different radiopharmaceuticals and, eventually,
patients. This way, pre-clinical studies on new radiopharmaceuti-
cals may be performed more efficiently, and, ultimately, a more
predictive personalized administered activity-response relation-
ship could be obtained for clinical practice.
5. Conclusions
We established a novel dose calculation software for 3D cell
cultures and molecular radiotherapy. Our work shows that 3D-
cultured tumor spheroids offer a promising tool for a radiopharma-
ceutical dosimetric scheme, as they provide biologically relevant
data for dose calculations. The effect of activity uptake heterogene-
ity on the absorbed radiation dose distribution was evaluated in
the case of different radionuclides (125I, 111In and 177Lu) and the
results demonstrate that radiation dosimetry is necessary in opti-
mizing MRT. Our multicellular dosimetric chain has the potential
to be widely applied to studying radiopharmaceuticals in different
tissue models in order to gain new radiobiological data for drug
development, nuclear medicine, and basic research.
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